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Toinvestigate the relationship between ghrelin and both fetal

and neonatal growth parameters and energy balance, we mea-
sured plasma ghrelin concentrations in 54 cord blood samples
(male, n = 34; female, n = 20; gestational age, 37.0-41.6 wk;
birth weight, 2206-4328 g) and 47 neonatal blood samples
(male, n = 27; female, n = 20; postnatal @ 3~8). The plasma
ghrelin concentrations in cord blood ranged from 110.6-446.1
pmoliiter (median, 206,7 pmolliter), which were equal to or
higher than those in normal weight adults, These values were
inversely correlated with birth weight (r = —0.40; P = 0.002),
birth length (r = =0.38; P = 0.007), placental weight (r = —0.35;
P = 0.01), and IGF-I concentration (r = —0.49; P = 0.0002), but
were not significantly correlated with the GH concentration

{r = 0.22; P = 0.12). The ghrelin concentrations in small for
gestational age newborn were significantly higher than those
in appropriate for gestational age newborns (P = 0.0008). The
ghrelin concentrations in the vein were significantly higher
than those in the artery in 8 cord blood samples (P = 0.01),
which suggests that the placenta is an important source of
fetal ghrelin. In neonates, the ghrelin eoncentrations ranged
from 133.0-481.7 pmelliter (median, 268.3 pmol/liter), which
were significantly higher than those in cord blood (P < 0.0001).
These results suggest that ghrelin may contribute to fetal and
neon)ata] growth, (J Clin Endocrinol Metab 88: 5473-5477,
2003

HRELIN IS AN endogenous ligand for the GH secre-
tagogue receptor that stimulates the release of GH (1,
2). In addition, ghrelin positively regulates the energy bal-
ance as an antagonist of leptin through hypothalamic nuclei
(3, 4). These actions seem to be especially important during
the growth stage in humans. In adults, the major source of
circulating ghrelin in the blood comes from the neurcendo-
crine cells in the fundus of the stomach (5, 6), and the level
of ghrelin rises during fasting and falls to a nadir after eating
(7). Significantly decreased ghrelin levels have been ob-
served in obese individuals (8, 9).

We previously reported changes in the leptin concentra-
tion during the fetal and neonatal periods (10-12). A rela-
tively high level of leptin at birth and the expression of leptin
in the placenta suggested that leptin may play a role during
the perinatal period (10-13). Interestingly, ghrelin has also
been reported to be expressed in the placenta (14). Therefore,
it is important to examine changes in the ghrelin concentra-
tion during the fetal and neonatal pericds to evaluate the
relation between ghrelin and both the growth of the fetus and
neonate and the regulation of feto-maternal and necnatal
energy balance.

In the present study we measured ghrelin concentrations
in cord and necnatal blood using a specific RIA system we
developed (15), and examined its relationship to other
growth-related hormones and clinical characteristics of the
fetus and necnate.

Abbreviations: AGA, Appropriate for gestational age; IR, immuno-
reactive insulin; LGA, large for gestational age; SGA, small for gesta-
tional age.

Subjects and Methods
Subjects

Vernous cord blood samples were obtained from 54 full-term new-
borns (3¢ males and 20 females; gestational age, 37.0-41.6 wk; birth
weight, 2206-4326 g; birth length, 44.0-54.5 cm). Their characteristics
are shown in Table 1. Forty-four of the newborns were classified as
appropriate for gestational age (AGA), 7 were smnall for gestational age
(SGA), and 3 were large for gestational age (LGA). AGA was defined as
a newborn whose birth weight was from —1.5 to +1.5 sp of the mean
birth weight in each gestational age. SGA was defined asbelow —1.5sD,
and LGA was defined as over +1.5 sp. The mean birth weight and sp
were calculated according to the Japanese population fetal growth curve
published in 1994 by a study group of the Japanese Ministry of Health
and Welfare. To estimate the source of ghrelin in the fetal circulation,
both arterial and venous cord bloed samples were collected from an-
other 8 full-term newboms. Blood samples for ghrelin assay were col-
lected in chilled tubes containing EDTA2Na (1 mg/ml) and aprotinin
(500 U/ml), and plasma was separated at 4 C immediately after birth.
Serum was simuitanecusly separated for other hormone assays. Neo-
natal samples were obtained from 47 full-term healthy neonates (27
males and 20 females; postnatal d 3-8}, whose characteristics are shown
at Table 2, In 27 of these neonates, cord blood had already been collected,
and the change in the ghrelin concentration between cord and neonatal
blood was compared in this group. Each sample was collected at 0300 h,
and plasma was separated immediately.

Plasma and serum samples were kept frozen at —80 C until analysis.
All of the newborns and neonates were healthy, and their mothers had
had no remarkable complications during pregnancy. The study protocol
was approved by the ethical committee of University of Tokushima
School of Medicine, and all parents of the newborns gave their written
informed consent before enrollment.

Ghrelin and other hormone assays

Plasma ghrelin concentration was determined by RIA using poly-
clonal antibodies raised against the carboxyl-terminal fragment ghrelin-
{13-28] (15). The value determined by this RIA system gives the total
concentration of ghrelin. Serum GH and IGF-I were determined using
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TABLE 1. Characteristics of the fetus and piasxﬁa ghrelin concentration in cord blood

Total (n = 54) Male (n = 34) Female (n = 20}
Gestational wk 39.4 (37.0-41.6) 39.5 (37.0-414) 39.3(37.0-41.6)
Birth body weight (g) 2994 (2206-4326) 3008 (2206-3778) 2884 (2318-4326)
Birth body length (em) 48.5 (44.0-54.5) 48.5 (44.0-52.5) - - 48.3(46.0-54.5)

12.6(10.6-15.3)

60.9 (49.0-79.4)
532 (322-804)
206.7 (110.6-446.1)

Kaup index (g/cm? X 10}

Birth weight/birth length {(g/cm)
Placental weight (g)

Plasma ghrelin (pmol/liter)

12.5(11.0-15.2)
60.6 (50.4-79.4)
562 (322-783)
201.1(118.2-446.1)

12.8(10.6-15.3)

61.6 (49.0-74.1)
514 (325-804)
207.8 (110.6-404.2)

Values are medians, with the range in parentheses.

TABLE 2. Characteristics of the neonate and plasma ghrelin concentration in neonatal blood

Total {(n = 47)

Male (n = 27) Female (n = 20)

Days after birth 5.0(3.0-8.0)

Gestational wk 39.3(37.0-41.4)
Birth body weight (g) 3030 (2324-4082)
Body weight {g) 2870 (2246-3816)
Body length (cm) 48.9 (44.0-52.0)

Mean calerie intake (kealkg-d)
Body weight loss for 5 d (%)

Body weight gain for 1 month (g/d)
Plasma ghrelin (pmolliter)

66.5 (35.3-105.8)
4.9 (0.5-24.3)
46.5 (12.3-69.4)

268.3 (133.0-481.7)

Values are medians, with the range in parentheses.

immunoradiometric assay kits (Daiichi Radioisotope Laboratories, To-
kyo, Japan}. Serum IGF-II was determined using an ELISA kit {Diag-
nostic Systems Laboratories, Inc., Sinsheim, Germany). Serum immu-
noreactive insulin (IRI) was determined using an immunoradiometric
assay kit (Eiken Chemical, Tokyo, Japan). Serum IGF-binding protein-3
was determined using an RIA kit (Cosmic Corp., Tokyo, Japan). Serum
leptin was determined using an RIA kit {Linco Research, Inc., St.
Charles, MO).

Statistical analysis

All quantitative data are presented as the median and range. Pear-
son’s correlations were used to examine relationships among clinical
growth-related parameters and hormone levels. Differences between
groups were evaluated by Mann-Whitney U test or Wilcoxon’s signed
rank test. Significance was considered to be P < 0.05. The analysis was
conducted with StatView software (versiont 5.0 for Windows, SAS In-
stitute, Inc., Cary, NC} or SPS5 software (version 11.0] for Windows,
5PSS. Inc., Chicago, IL).

Results

In 54 cord blood samples, plasma ghrelin concentrations
ranged from 110.6-446.1 pmol/liter (median, 206.7 pmol/
liter). Ghrelin concentrations were inversely correlated with
birth weight (r = —0.40; P = 0.002), birth length (r = —0.36;
P = 0.007), placental weight (r = —0.35; P = 0.01), birth
weight/birth length ratio (r = —0.38; P = 0.004), Kaup index
(r = —028; P = 0.04), IGF-1 concentration (r = -04%; P =
0.0002), and IGF-binding protein-3 concentration (r = —0.30;
P = (.03). Ghrelin concentrations in SGA newborn were
significantly higher than those in AGA and LGA newborns
(P = 0.0008 and P = 0.02, respectively; Figs. 1 and 2). No
significant correlation was observed between ghrelin and
GH concentrations (r = 0.22; P = 0.12; Fig. 2 and Tables 1
and 3).

As some anthropometrical parameters and IGF-I concen-
trations were inversely correlated with ghrelin concentra-
tions, we performed some partial correlation analyses to
determine which factor was predominantly correlated with
them. The partial correlation analysis calculates a correlation

5.0(3.0-8.0) 5.0(3.0-6.0)
39.4(37.0-41.4) 39.1(37.0~40.6)
3030 (2620-2994) 2061 (2324-4082)
2966 (2530 -3650) 2758 (2246—3816)
49.0 (44.0-51.5) 48.6 (45.0-52.0)
57.1(41.0-105.8) 72.4 (35.3-97.0)
3.9 (0.5-24.3) 6.4 (17-9.7)
47.7 (12.3-69.4) 45.7 (30.4-57.9)
272.0 (133.0-421.0) 265.0 (172.3-481.7)
A 500 p=0.02
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Fic. 1. A, Comparison of plasma ghrelin concentrations in SGA,
AGA, and LGA newborns (mean * sEM). Ghrelin concentrations in
SGA newborns were significantly higher than those in AGA and LGA
newborns. B, Inverse correlation between plasma ghrelin concentra-
tion and birth weight for the subjects in A, The solid line represents
the regression line.

between two variables while controlling for the effect of other
additional variables. The partial correlation between ghrelin
and IGF-1, while controlling for birth weight, birth length, or
placental weight, was still significant (r = —0.43, —0.47, and
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—0.39; P = 0.002, 0.001, and 0.006, respectively). On the other  partial correlation between ghrelin and GH while controlling
hand, the partial correlation between ghrelin and birth  for each anthropometrical parameter or IGF-I confirmed the
weight, birth length, or placental weight, while controlling  absence of a significant correlation between GH and ghrelin
for IGF-I, showed diminished statistical significance (r = concentrations.
—0.26, —0.28, and —0.19; P = 0.07, 0.05, and 0.20, respec- In the eight newborns whose cord blood samples were
tively). These results suggest that IGF-I is a predominant  collected from both the artery and vein, plasma ghrelin con-
factor that is correlated with the ghrelin concentration. The  centrations in the vein (median, 304.9 pmol/liter; range,
: ' 218.7-403.8 pmol/liter) were significantly higher than those
Co in the artery (median, 287.5 pmol/liter; range, 181.9-392.4
. =022 pmol/liter; P = 0.01; Fig. 3). '
1 o p=0.12 In neonates, the plasma ghrelin concentrations ranged
400+ - © from 133.0-481.7 pmol/liter (median, 268.3 pmol/liter),
1 _ which were significantly higher than those in cord blood (P <
6 © °o o 0.0001). The sequential analysis of ghrelin concentrations
@3’ 0 o after birth in 27 newborns confirmed that the ghrelin con-
960‘ 0 © © -;; centrations significantly increased during the early neonatal
period (P < 0.0001; Fig. 4). The ghrelin concentrations in
100 neonates did not significantly correlate with percentage body
1 weight Joss from birth to the sampling day (r = —0.13; P =
T T T T T T 0.37), calorie intake per body weight on the sampling day (r =
0 10 20 30 40 50 60 70 0.04; P = 0.80), or the mean daily body weight gain during
GH {ug/) the first month of life (r = 0.23; P = 0.13; Table 4). No
significant gender difference in ghrelin concentration was
observed in ejther cord or neonatal blood (Tables 1 and 2).

) >

300 -

&0,

_ (=]
‘@
200 ] @%ég

Plasma ghrelin (pmol/]
)

Discussion .

Our results showed that ghrelin is present in cord and
neonatal blood at concentrations 1.5- to 2-fold higher than
those found in normal weight adult (6, 9). The existence of
ghrelin in cord blood is consistent with previous observa-
tions, although the use of nonextracted plasma is different
compared with our study (16).
— In adults, the plasma ghrelin concentration is mainly de-
¢ 20 40 60 80 100 120140 160 180 termined by the energy balance, Patients with anorexia ner-

IGF-1 (ug/) vosa and cachexia show elevated levels of ghrelin (6, 17),

, . o whereas obese subjects have reduced levels (8, 9). Thus, it is

cord blooNo sigafeant commelation was chserved. B A significant _ interesting that ghrelin concentrations were inversely corre-
inverse correlation was seen between ghrelin and IGF-I concentra- lated with several growth-related anthropometric parame-
tions in cord blood, The solid line represents the regression line. ters and the IGF-I concentration in the fetus. This result

Plasma ghfelin (pmel) O

TABLE 3A. Correlation coefficients between cord blood levels and size at birth

- Ghrelin GH IGF-1 IGF-I1 IGFBP-3 Leptin Insulin
Birth weight ~040°  —o03& 0.30° —0.05 0.23 053 0.34°
Birth length ‘ —-0.36° -0.41°¢ 0.18 -0.23 0.15 ’ 0.25 0.24
Kaup index -0.28% -0.19 0.30° 0.19 0.23 0.54° 0.27
Body weight/body length —-0.38° -0.32° 0.32% 0.05 0.25 ©. 0.56° 0.33¢

Placental weight —0.35% -0.21 0.33° -0.23 0.12 0.27 . 0.08
TABLE 3B. Correlation coefficients between cord blood levels ’

Median {range) Ghrelin GH IGF-1 . IGF-11 1GFBP-3 Leptin
GH (ug/liter) 17.8 (5.7-61.0} 0.22
IGF-I (ug/liter) 77 (12-160) ~0.499 -0.47¢ .
IGF-II {ug/liter) 310 (181-481) -0.13 0.08 0.02
IGFBP-3 (mg/liter) 0.76 (0.45-1.28) —-0.30° =0.40" 0.72¢ 0.22 ‘
Leptin (ug/liter) 3.5(0.8-13.8) -0.12 -0.06 0.14 0.30¢ 0.28°
Insulin (pmol/liter) 11.4(6.0-100.2) -0.17 —0.26 0.25 -0.15 0.20 : 0.01
IGFBP-3, IGF binding protein-3.
¢ P < 0.005.
5 p < 0.05.
¢ P < 0.0005.
4P < 0.0005.
*P <005
fP < 0.005.
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Fi6. 3. Comparison of plasma ghrelin concentrations in arterial and
venous cord blood. The plasma ghrelin concentrations in arterial and
venous cord blood were compared in eight full-term newborns. Each
bar links the arterial and venous ghrelin concentrations in each new-
born. The plasma ghrelin concentrationsin the vein were significantly
higher than those in the artery (P = 0.01).

suggests that the ghrelin concentration might be mainly reg-
ulated in a fetal growth-related manner in utero, as if its role
was to accelerate fetal growth. In an experimental study, a
significant level of GH secretagogue receptor expression was
observed in the fetal rat hypothalamus, pituitary, and brain-
stem (18). However, fetal GH may not contribute to fetal
growth itself to a large extent, as patients with Pit-1 gene or
GH-1 gene deficiency, which are congenital disorders of
pituitary GH synthesis, show nearly normal fetal growth.
Fetal growth essentially depends on the energy transport
from the mother. A positive correlation between size at birth
and cord blood IGF-1 concentration has been reported (19,
20). Considering that the ghrelin concentration correlated not
with GH but with the IGF-I concentration, and the remark-
able elevation of the ghrelin concentration in SGA newborns,
negative feedback regulation between fetal growth and the
ghrelin concentration may not originate in the fetal GH axis,
but, rather, in feto-materna! energy transport, which would
affect fetal growth and the IGF-I level.

In the rat, ghrelin mRNA is expressed at a very low level
in the fetal stomach (21, 22), whereas significant expression
is observed in the placenta (14). In humans, ghrelin mRNA
is also expressed in the placenta (14). Therefore, it is possible
that some of the ghrelin in the fetal circulation might orig-
inate from the placenta, like leptin, and regulate feto-mater-
nal energy transport locally, as ghrelin concentrations in the
umbilical vein were significantly higher than those in the
artery. In addition, immunohistochemical studies of the hu-
man fetus showed that ghrelin-immunoreactive cells were
fairly well represented in the stomach, duodenum, pancreas,
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Fic. 4. Change in plasma ghrelin concentration after birth. The
plasma ghrelin concentrations at birth (cord blood) and during the
early neonatal period (postnatal d 3-7) were compared in 27 newborns
{male, n = 18; female, n = 9). Each bar represents the change in the
ghrelin concentration in each newborn. Ghrelin concentrations dur-
ing the early neonatal period were significantly higher than those in
cord bleod (P < 0.0001).

TABLE 4. Correlation coefficients between neonatal ghrelin
levels and energy balance

Ghrelin (P)
Birth weight —-0.21 (0.16)
Body weight —0.17 (0.26)
Body length —0.22 (0.14)
Kaup index ~0.10(0.49)
Mean calorie intake® 0.04 (0.80)
Body weight loss® -0.13(0.37)
Body weight gain® 0.23 (0.13)
@ Calorie intake per body weight on sampling day (kilocalories per
kilogram).
5 Percentage body weight loss from birth to sampling day (per-
centage).

¢ Mean daily body weight gain during first month of life (grams per
day).

and lung from wk 10 of gestation (23, 24). The contributions
of these peripheral organs may also be taken into
consideration.

In our previous study the leptin concentration rapidly
decreased after birth and remained at a low level during the
early neonatal period (11}. In contrast, plasma ghrelin con-
centrations at approximately 5 d after birth were significantly
higher than those in cord blood. After birth, the energy sup-
ply through the placenta is interrupted, and a newborn needs
to start taking milk for growth. Thus, in contrast to leptin,
which reduces energy intake, it is reasonable for the ghrelin
concentration in neonates to increase to stimulate appetite
and give a positive energy balance. However, in rat stomach,
the expression of ghrelin mRNA in neonates is lower than
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that in adults (21, 22). The origin of the high concentration of
ghrelin in neonates may need further investigation, with
regard not only to its synthesis and secretion, but also to its
degradation and clearance during the neonatal period.

In summary, this study demonstrates the existence of
ghrelin in fetal and neonatal blood at rather high concen-
trations, an inverse correlation between the cord blood
ghrelin concentrations and fetal growth-related parameters,
and a significant elevation of the ghrelin concentration dur-
ing the early neonatal period. Further study of ghrelin con-
centrations in fetuses and neonates with pathological status,
such as premature delivery or severe intrauterine growth
retardation, may provide useful information about regula-
tion of the ghrelin concentration and its role during the fetal
and neonatal periods.
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Abstract

This study has examined the Immunclogical localization of platelet-derived growth factor
(PDGF)-A, PDGF-B, and PDGF receptor (PDGFR) alpha and beta to clarify their role
in the progression of muscular dystrophy. Biopsied frozen muscles from patients with
Duchenne muscular dystrophy (DMD), Becker muscular dystrophy (BMD), and congenital
muscular dystrophy (CMD) were analysed immunohistochemically using antibodies raised
against PDGF-A, PDGF-B, and PDGFR alpha and beta. Muscles from two dystrophic
mouse models (dy and mdx mice) were also immunostained with antibodies raised against
PDGFR alpha and beta. In normal human control muscle, neuromuscular junctions and
vessels were positively stained with antibodies against PDGF-A, PDGF-B, PDGFR alpha
and PDGFR beta. In human dystrophic muscles, PDGF-A, PDGF-B, PDGFR alpha and
PDGFR beta were strongly immunolocalized in regenerating muscle fibres and infiltrating
macrophages. PDGFR alpha was also immunolocalized to the muscle fibre sarcolemma and
necrotic fibres. The most significant finding in this study was a remarkable overexpression
of PDGFR beta and, to a lesser extent, PDGFR alpha in the endomysium of DMD and CMD
muscles. PDGFR was also overexpressed in the interstitium of muscles from dystrophic mice,
particularly dy mice. Double immunolabelling revealed ¢hat activated interstitial fibroblasts
were clearly positive for PDGFR alpha and beta. However, DMD and CMD muscles with
advanced fibrosis showed very poor reactivity against PDGF and PDGFR. Those findings
were confirmed by immunoblotting with PDGFR beta. These findings indicate that PDGF
and its receptors are significantly involved In the active stage of tissue destruction and are
associated with the initiation or prometion of muscle fibrosis. They also have roles in muscle
fibre regeneration and signalling at neuromuscular junctions in both normal and diseased
muscle. Copyright © 2003 John Wiley & Sons, Ltd.

Keywords: platelet-derived growth factor; platelet-derived growth factor receptor alpha;
platelet-derived growth factor receptor beta; muscular dystrophy; fibrosis; mdx mice; dy
mice

Introduction

also suggest that growth factors such as transforming
growth factor beta 1 (TGFA1) and basic fibroblast
growth factor (bFGF) have important roles in disease

The progression of muscular weakness in patients suf-
fering from Duchenne muscular dystrophy (DMD)
and congenital muscular dystrophy (CMD) correlates
directly with the progressive loss of myofibres, which
is accompanied by connective tissue and adipose tissue
replacement. The mechanism of histological progres-
sion remains unclear. Previous studies suggest that
there is a progressive loss of regenerating capacity in
muscle fibres [1]. Interstitial fibrosis may be attributed
to a loss of regenerating capacity in satellite cells,
which is caused by a reduced blood supply to indi-
vidual muscle fibres [2,3]. Alternatively, Melone et al
recently proposed that growth factors released locally
by diseased muscle tissue may reduce the regener-
ating capacity of satellite cells [4,5]. Recent studies

Copyright © 2003 john Wiley & Sons, Ltd.

progression [6-10].

Platelet-derived growth factor (PDGF) consists of
two disulphide-linked peptide chains, A and B, and
occurs naturally in three isoforms, PDGF-AA, PDGF-
AB, and PDGF-BB [11]. PDGF is a growth stimu-
lant and chemoattractant, principally for mesenchymal
connective tissue-forming cells [11,12]. By binding
to specific high-affinity cell surface receptors, PDGF
induces cell proliferation and a number of other critical
processes. There are two PDGF receptor subunits; the
alpha subunit (PDGFR alpha) binds both the PDGF-
A and the PDGF-B chains, while the beta subunit
{PDGFR beta) binds only the PDGE-B chain [13].
There have been some reports of PDGFE and PDGFR
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expression in muscle tissue. PDGF-A chain mRNA
and PDGFR beta mRNA are expressed in rat L6 cul-
tured myoblasts [14,15] and PDGFR beta immunore-
activity has been reported in regenerating muscle fibres
of dystrophin-deficient mdx mice [16]. L6 myoblasts
bind the PDGE-BB isoform, but not the PDGF-AA
isoform, and the addition of PDGF-BB to culture
media results in myoblast proliferation and the inhi-
bition of myoblast differentiation [17]. These results
suggest that the BB isoform of PDGF has a significant
effect on skeletal muscle regeneration,

There have been no studies of the functional role
of PDGF and its receptors in diseased human muscle.
This prompted us to examine the immunolocalization
of PDGF-A, PDGF-B, PDGFR alpha, and PDGFR
beta in biopsied muscle from patients with various
types of muscular dystrophy to clarify their role in
disease progression. In addition, we compared PDGFR
alpha and beta expression in muscles from dy and mdx
mice to confirm the results from human muscies.

Materials and methods

We studied diagnostic muscle biopsies from 32
patients, aged 8 months to 18 years. Written informed
consent to use these specimens for research was
obtained from all of the patients” families. Of the
biopsies studied, eight had a diagnosis of DMD,
nine had congenital muscular dystrophy (CMD) {six
with Fukuyama-type CMD (FCMD) and three with
merosin-positive CMD], five had Becker muscu-
lar dystrophy (BMD), and ten were normal. Diag-
nosis was based on clinical, laboratory, muscle

Table 1. Clinical summary of the patients

Y Zhao et af

biopsy histochemistry, and dystrophin and merosin
immunohistochemistry. A clinical summary of the
patients is given in Table 1. Transverse sections
(10 pm) of fresh-frozen muscle biopsies were used
for immunohistochemical staining. For the detection of
PDGF-A, PDGF-B, PDGFR alpha, and PDGFR beta,
affinity-purified rabbit antisera were raised against
the following: (1) a synthetic peptide mapping to the
carboxy-terminal of human PDGF-A (sc-128; Santa
Cruz Biotechnology; dilution 1:400; 0.5 pg/ml); (2) a
synthetic peptide (amino acid sequence 136-150)
mapping to the carboxy-terminal of mature human
PDGF-B (sc-7878; Samta Cruz Biotechnology; dilu-
tion 1:400; 0.5 pg/mt); (3) a synthetic peptide map-
ping to the carboxy-terminal of human PDGFR alpha
(5¢-338; Santa Cruz Biotechnology; dilution 1:400;
0.5 pg/ml); and (4) a synthetic peptide mapping to
the carboxy-terminal of human PDGFR beta (s¢-339;
Santa Cruz Biotechnology; dilution 1:400; 0.5 pg/ml).

Indirect immunoperoxidase (ABC) (Vectastain ABC
kit; Vector, Burlingame, CA, USA) and immunofiu-
orescence methods were used to stain the samples.
For ABC reactions, the sections were fixed with 4%
formaldehyde in phosphate-buffered saline (PBS) for
5 min at room temperature and washed in PBS, Sec-
tions were pre-incubated for 30 min in normal goat
serum (1 : 10) and incubated for 36 h at 4 °C in the pri-
mary antibody and for 1 h in biotinylated anti-rabbit
IgG diluted 1:200. The sections were then incubated
for 1 h in ABC complex and visualized in 0.03%
diaminobenzidine (DAB) (Dojin, Kumameoto, Japan)
containing 0.005% peroxide. The specificity of the
immunoreactivity was verified by omitting the pri-
mary antibody, replacing the polyclonal antibody with

Age(y) Age(y) Clinical symptoms
Patient Diagnosis Sex of onset at biopsy at biospy Serum CK
| DMD M 08 12 Difficulty in standing up 22000
2 DMD M 2 18 Frequent falling down 14250
3 DMD M 15 35 Frequent falling down 16 £30
4 DMD M 2 4 Abnormal gait 21000
5 DMD M 3 44 Unsteady gait 14690
6 DMD M 4 5 Frequent falling down 14550
7 DMD M 3 8 Abnarmal gait 13600
8 DPMD M 3 15 Frequent falling down 2428
9 FCMD F 01 07 Hypatonia 3600
10 FCMD ™M 0.l 07 Floppy infant 2726
H FCMD M 03 I Motor delay 11850
12 FCMD M 05 27 Motor delay 6009
13 FCMD M 0.t 7 Severe developrmental delay 3930
14 FCMD F 05 18 Motor delay 300
15 cMD ™M 0.1 07 Floppy infant 2463
16 cMD M 0.3 07 Delayed head contro) 6092
17 cHMD F 1.5 22 Gait disturbance 965
18 BMD M no symplom 5 Hypercknemia 1847
19 BMD ™M 5 7 Muscle pain 3844
20 BMD ™ 5 M Slow runner 5159
21 EMD ™M 6 1 Leg pain 5159
22 BMD M no symptom i3 Hypercknemia 5000

DMD: Duchenne muscular dystrophy, FCMD: Fukuyama type congenital muscular dystrophy, CMD: merosin-positive congenital muscular

dystrophy, BMD: Becker muscular dystrophy.

Copyright © 2003 John Wiley & Sons, Ltd.

J Potho! 2003; 201; 149-159,
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non-immune rabbit IgG (Zymed, San Francisco, CA,
USA} at the same concentration, and absorbing the
primary polyclonal anti-PDGFR alpha or beta anti-
body with recombinant PDGFR alpha or beta pep-
tides (sc-338p and sc-339p; Santa Cruz Biotechnol-
ogy, Santa Cruz, CA, USA). Omission of the primary
antibody and replacement of polyclonal antibodies
with non-immune JIgG abolished reactivity. Absorp-
tion of anti-PDGER alpha or beta antibody (0.5 pg/ml)
with PDGFR alpha or beta peptide (final concentra-
tion 100 pg/ml) overnight at 4 °C resulted in complete
blocking of the reaction products.

For immunchistochemical analysis of PDGFR alpha
and beta in dystrophic mouse models, we used ham-
string muscles from B-10 mice as a control, dy mice
as a progressive and fibrotic model, and mdx mice as
a non-fibrotic model at 16 wecks old. The dy mice are
known to be a merosin-deficient CMD model and mdx
mice are known to be a DMD model [18]. Muscles
were obtained after neck dislocation and were imme-
diately frozen in isopentane and stored at —80°C until
used. Immunohistochemical studies were performed
with the same antibodies that were used for human
muscle biopsies using the ABC reaction. The proto-
col for the use of mouse tissue was approved by the
Animal Experimentation Committee of the School of
Medicine, Tohoku University.

Double or triple fluorescence labelling was used
to co-localize PDGF-A, PDGF-B, PDGFR alpha or
PDGFR beta with desmin, o-bungarotoxin («-BT),
CD31, CD68, prolyl 4-hydroxylase (P-4-H) or Hoechst
33342. For double fluorescence staining, sections were
fixed with 4% formaldehyde in PBS for 5 min at
room temperature, washed in PBS, and pre-incubated
for 30 min in normal donkey serum diluted 1:10.
Sections were incubated for 36 h at 4°C in the
appropriately diluted mixture of primary antibodies
and then incubated for 1h in a mixture of sec-
ondary antiserum containing Texas Red-labelled don-
key anti-rabbit IgG and Cy2-labelled donkey anti-
mouse IgG (Jackson Immuno Res, West Grove, PA,
USA) diluted at 1:200. To visualize intramuscular
nuclei, some sections were triple labelled by incuba-
tion in 10 pg/ml Hoechst 33342 (Molecular Probes,
Eugene, OR, USA) for 5 min. Monoclonal antibod-
ies against desmin (1:100) (Zymed, San Francisco,
CA, USA), CD31 (1:100) (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA, USA), CD68 (1:100), and P-4-
H (1:100) (Dako, Glostrup, Denmark) were used to
identify regenerating fibres, vessels, macrophages, and
fibroblasts actively producing collagen [19], respec-
tively. Neuromuscular junctions (NMJs) were identi-
fied with tetramethylrhodamine-labelled o~-BT (Molec-
ular Probes, Eugene, OR, USA) diluted at 1:1000.
Immunofluorescence images were observed with a flu-
orescence microscope and were captured separately
from the same area with a CCD camera connected to a
personal computer. The images were combined using a
Q550CW fluorescence imaging system (Leica, Cam-
bridge, UK). The staining intensity of muscle fibres

Copyright © 2003 John Viley & Sons, Ltd.

and extracellular matrix (ECM) was scored separately
by reviewing the entire tissue section with a semi-
quantitative scale: 0, no staining; 0.5, trace staining;
1, light staining; 2, moderate staining; and 3, intense
staining.

To evaluate endomysial fibrosis, serial sections were
stained for cytochrome c oxidase and three images
that included only the endomysial area (0.403 mm?
in total}) were captured at x200 magnification with
a CCD camera connected to a personal computer.
The endomysial interstitial area of each image (ie the
cytochrome ¢ oxidase-negative area) was measured
using a colour image computer analyser (MacSCOPE,
version 2.5, Mitani Corp, Hukui, Japan) and the
mean value of three images was determined as the
endomysial interstitial area for each sample, which is
expressed as a percentage in Table 2.

For immunoblot analysis, ten 10-pm-thick cryosec-
tions of three FCMD muscles biopsied in early infancy
(two) and at an advanced stage (one) and one con-
trol muscle biopsy were collected on ice; homoge-
nized in 10 mM Tris—HCI (pH 7.4) containing 150 mm
KF, 15 mM EDTA, 1 mM phenylmethylsulphonyl flu-
oride, 10 mg/ml leupeptin, 1 mM benzamidine, and
1 pm/ml 2-mercaptoethanol; and centrifuged at 10
000 g for 15 min at 4°C. For SDS-PAGE, equal
amounts of muscle protein [10 pg diluted in SDS incu-
bation medium: 62.5 mM Tris—HCI (pH 6.8), 2% SDS,
10% glycerol, 5% 2-mercaptoethanol, and 0.02% bro-
mophenol blue] were loaded on the gel (12.5% acry-
lamide) according to the method of Laemmli [20]. The
upper and lower running buffers contained 25 mm Tris
{(base), 192 mm glycine, and 0.1% SDS, and the gel
was run at 200 V for 30 min. The proteins were then
transferred onto nitrocellulose sheets for 1 h at 4°C
at 100 V using a transfer buffer containing 182 mm
glycine, 6 mM Tris, and 20% methanol at pH 8.2.
After blocking the blots in 5% non-fat dry milk in
PBST (PBS, pH 7.4, containing 0.1% Tween-20) for
2 h, they were incubated with the primary antibody
(anti-PDGFR beta; 1:100) overnight and then incu-
bated with horseradish peroxidase-conjugated donkey
anti-rabbit IgG (1:1500; Chemicon, Temecula, CA,
USA) for 1 h. Immunoreactive proteins were visual-
ized using a DAB kit (Vector, Burlingame, CA, USA)
or with enhanced chemiluminescence (Bio-Rad, Her-
cules, CA, USA).

Results

Human muscular dystrophy (Figures |—4
and Table 2)

PDGF-A immunolocalization (Figures | and 2)

In normal muscle biopsies, trace PDGF-A immunore-
activity was observed in vascular smooth muscle
(Figure 1A). The neuromuscular junctions in all mus-
cles were stained positively, as described in our

J Pathel 2003; 201: 149-159.
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Table 2. Results of immunelocalization of PDGF-A, PDGF-B, PDGFR alpha, and PDGFR beta

Age () PDGF-A PDGF-B PDGFR alpha PDGFRbeta | it
Patient  atbiopsy Diagnosis MF' ECM MF! ECM MF'"2 fgcM MF'  ECM Area (%)
] 12 DMD 05 05 2 | 2 05 0 2 149
2 28 DMD 05 I I 2 2 05 0 3 05
3 35 DMD ! I I ! 2 I 0 2 166
4 4 DMD 05 I 05 [ I 05 0 2 167
5 44 DMD i 05 1 ! 2 I 0 2 207
6 5 DMD oS 05 1 ! 05 05 0 3 158
7 8 OMD | 0S ! [ I I 0 2 16.3
8 15 DMD 95 05 0 05 0 0 0 | 373
9 07 FCMD ! 05 2 2 2 2 0 3 296
10 07 FCMD ! 05 2 2 2 I 0 3 409
" ! FCMD 05 05 | 05 05 2 0 3 407
12 27 FCMD 05 05 05 05 05 05 0 t 67.8
13 7 FCMD 0 05 0 05 0 0 ] 0 526
14 18 FCMD 0 0 ] 0 0 0 0 0 92
15 07 <MD I 05 2 I 2 05 0 2 498
16 07 CMD I 05 2 I 2 ! ] 3 433
17 22 CMD ! 05 2 I 2 1 0 2 498
(8 5 BMD 0 0 ] 05 05 0 0 s} 1.
19 7 BMD 0 0 0 0 05 0 0 0 64
20 1] BMD 0 0 0 0 05 0 0 0 75
21 1 BMD 05 0 05 05 05 0 0 0 62
2 13 BMD 05 0 05 05 05 0 0 0 88
23 15 nomal 0 0 0 0 0 0 0 0 88
24 22 normal 0 0 0 0 0 0 0 0 5
25 23 normal o 0 0 0 0 0 0 0 75
26 3 normal o 0 0 0 0 0 0 0 52
27 EL normal 0 0 0 0 0 0 0 0 63
28 5 normal 05 0 0 0 0 0 0 0 45
29 65 normal 05 0 0 0 ] 0 0 0 88
30 8 normal 0 0 0 0 0 0 0 0 56
31 12 normal 0 0 0 0 0 0 ] 0 78
32 13 normal 0 0 0 0 0 0 0 0 86

MF: muscle fibers.

ECM: extracellular matrix.

MF': immunclocalizaton except for regenerating fibers.
MF2: sarcolemmal immunolecalization,

POGF: platelet-derived growth factor.

PDGFR: platelet-derived growth factor receptor.

Intensity of immunostaining: 0; no staining, 0.5; trace staining, I; light staining, 2; moderate staining, 3; intense staining.

previous report [21]. Necrotic fibres with mononu-
clear cell infiltration showed positive immunoreac-
tivity (Figure 1B) in all dystrophic muscles exam-
ined. The cytoplasm and nuclei of regenerating mus-
cle fibres were strongly positive in all dystrophic
muscles (Figure 1C); this was confirmed by dou-
ble labelling with PDGE-A and desmin (Figures 2A
and 2B). Triple labelling with PDGF-A, CD68, and
Hoechst 33342 (Figures 2C and 2D) demonstrated
co-localization of PDGF-A immunoreactivity on the
regenerating fibre nuclei and macrophages infiltrat-
ing the endomysium. However, elderly CMD and
DMD cases with advanced fibrosis showed trace or
no PDGF-A reactivity (Table 2),

PDGF-B immunolocalization {(Figures | and 2)

In normal muscle biopsies, trace PDGF-B immuno-
reactivity was observed in muscle fibre nuclei and

Copyright @ 2003 John Wiley & Sons, Ltd.

vascular smooth muscle (Figure 1E). Double immuno-
labelling with PDGE-B and «-BT showed that neu-
romuscular junctions in all muscles were positively
stained (Figures 2H and 2[). Mononuclear cells that
infiltrated in and around necrotic fibres showed intense
positivity for PDGF-B in DMD, CMD, and BMD
(Figures IF—-1H). Double labelling with antibodies
against PDGF-B and CD68 showed exclusive PDGF-
B co-localization (Figures 2E-2G) on almost all
macrophages in the endomysium. The vascular walls
and muscle fibre nuclei of non-regenerating fibres
in dystrophic muscles were lightly to moderately
immunostained (Figures 1IF-1H and 2E). The cyto-
plasm and nuclei of regenerating muscle fibres, which
were characterized by strong desmin immunoreac-
tivity (data not shown), showed intense staining in
all dystrophic muscles. However, elderly CMD and
DMD cases with advanced fibrosis showed trace or
no PDGF-B reactivity (Table 2).

] Pathol 2003; 201: 149-159.
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Figure |, Immunolocalization of PDGF-A (A—D) and PDGF-B (E-H) in biopsied muscles from control (A, E), BMD (B, F}, DMD
(C, G), and FCMD (D, H). PDGF-A and PDGF-B iImmunoreactivity was prominent In infiltrating cells, regenerating muscle fibres,

and muscle fibre nuclei in dystrophic muscles

PDGFR alpha immunolccalization (Figures 3 and 4)

In control muscle biopsies, moderate PDGFR alpha
immunoreactivity was observed in neuromuscular
junctions [20] and trace immunoreactivity was
observed around muscle fibre nuclei (Figure 3A).
Some sections showed moderate staining of the
perimysial connective tissue. In the DMD and CMD
muscle fibres examined, muscle fibre sarcolemma
was lightly immunostained in 20-40% of muscle

Copyright © 2003 John Wiley & Sons, Led.

fibres (Figures 3B and 3D), whereas in BMD muscle
fibres, 1-3% of muscle fibre sarcolemma was
faintly immunostained. The cytoplasm of necrotic and
regenerating muscle fibres was moderately to intensely
stained in dystrophic muscles (Figures 4A and 4B)
and nuclei of non-regenerating muscle fibres were
also lightly to moderately stained. The endomysium
of CMD cases biopsied at an early stage showed
moderate staining of the endomysium (Figure 3D).

- J Pathot 2003; 201: 149-159,
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Figure 2. Immunolabelling of DMD muscles. (A, B) PDGF-A was immunolocalized in regenerating muscle fibres that showed
strong desmin Immunoreactivity and in their nuclei [double labelling; A PDGF-A (red); B: desmin (green)]. (C, D) Infilerating
macrophages were positive for PDGF-A (yellow). Nuclei of regenerating fibres were intensely positive for PDGF-A and nuclei of
non-regenerating fibres were also lightly positive [triple labelling; C: merged PDGF-A (red)/CD68 (green); D: merged PDGF-A
(red)/Hoechst 33342 (blue)]. (E-G) PDGF-B was strongly expressed in the intramuscular vessels and phagocytic macrophages
(yellow) infiltrating into the necrotic fibre {double labelling; E: PDGF-B (red); F: CDé8 (green); G: merged PDGF-B/CD&8]. (H-1)
PDGF-B co-localized with -BT at the neuromuscular junctions [double labelling; H: PDGF-B (green); I: «-BT (red)]

However, relatively elderly CMD and DMD cases with
advanced fibrosis showed very poor PDGFR alpha
reactivity (Table 2). Double labelling with antibodies
against PDGFR alpha and CD68 demonstrated that
PDGFR alpha was intensely expressed in macrophages
infiltrating in and around necrotic fibres (Figure 4C).
Double immunolabelling with antibodies against
PDGFR alpha and P-4-H demonstrated that P-4-H-
positive activated fibroblasts were clearly positive for
PDGFR alpha in DMD and CMD muscle (Figure 4D).

PDGFR beta immuneclocalization (Figures 3 and 4)

In control muscle biopsies, light PDGFR beta immu-
noreactivity was observed in neuromuscular junc-
tions (data not shown), capillaries, and vascular
smooth muscle (Figures 3E, 4E, and 4F). The cyto-
plasm of strongly desmin-positive regenerating mus-
cle fibres showed light staining in dystrophic muscles
(Figures 4G and 4H). Triple labelling with PDGFR
beta, CD68, and Hoechst 33342 demonstrated that
PDGFR beta was expressed partly by CD68-positive
macrophages infiltrating the endomysium and by
other mononuclear cells in the interstitium (Figures 41
and 4J). The most remarkable finding was the intense
immunoreactivity of the endomysium in DMD and
CMD muscles (Figures 3F, 3H, and 3I). However,
there was no endomysial PDGFR beta expression in
BMD muscles {(data not shown). Compared with DMD
muscle, PDGFR beta expression was clearly pre-
dominant in CMD muscles biopsied in early infancy

Copyright © 2003 John Wiley & Sons, Ltd.

(Figures 3H and 3I). Double immunolabelling with
antibodies against PDGFR beta and P-4-H demon-
strated that P-4-H-positive activated fibroblasts were
exclusively PDGFR beta-positive in DMD and CMD
muscle (Figures 4K—4M). In contrast to CMD and
DMD muscles biopsied in early infancy, CMD and
DMD muscles with advanced fibrosis showed no or
faint reactivity against PDGFR beta (Figure 3J).

Immunoblots for PDGFR beta (Figure 5)

Immunoblots of muscle extracts from FCMD patients
biopsied in early infancy revealed a clear immunore-
active band with an apparent molecular mass of 180
kD corresponding to the 180 kD PDGFR beta, while
muscle extracts from a FCMD patient biopsied at an
advanced stage and the control patient lacked this 180
kD immunoreactive band. These findings are consis-
tent with the results of the immunohistochemical anal-
ysis. Owing to the small size of the diagnostic muscle
biopsies, we did not have sufficient material to perform
immunoblotting with anti-PDGFR alpha, PDGF-A, or
PDGF-B antibodies,

Mouse muscular dystrophy (Figure 6)

In B-10 mouse muscle, PDGFR alpha was faintly
immunolocalized on muscle sarcolemma and intensely
localized at neuromuscular junctions (Figure 6A). In
mdx mouse muscle, PDGFR alpha was immunolo-
calized lightly to moderately on the sarcolemma of

1 Pathod 2003; 201: 149159,
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Figure 3. Inmunolocalization of PDGFR alpha (A—D}) and PDGFR beta (E-]) in biopsied muscles from control (A, E), DMD (B,
C, F. G), FCMD (D, H, }), and merosin-positive CMD {I}. Immuncreactivity against PDGFR alpha (B) and beta (F} was completely
abolished after absorption with antigen peptides {C, G). Immunoreactivity against both PDGFRs in CMD muscle biopsied in early
infancy was marked in the endomysium (D, H, I}, while FCMD muscles biopsied from elderly cases with advanced fibrosis showed

a lack of immunoreactivity (J)

Copyright © 2003 John Wiley & Sons, Ltd. J Pathol 2003; 201: 149—159.
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Figure 4. Double and triple labelling of PDGFR alpha and beta in DMD muscles ({A—D, G—~M) and control (E, F). (A, B) PDGFR
alpha was expressed in regenerating fibres with remarkable desmin positivity and necrotic fibres without desmin immunoreactivity
[double labelling; A: PDGFR alpha {red); B: desmin (green)]. (C) PDGFR alpha was ¢co-localized with CDé8 In the macrophages
infiltrating into and around necrotic fibres {yellow) [merged PDGFR alpha (red)/CDé8 (green)}. (D) PDGFR alpha was co-localized
with a marker of activated fibroblasts, P-4-H (yellow) [double labelling; merged PDGFR alpha (red)/P-4-H (green)}. (€, F} PDGFR
beta was co-localized with CD31 at the Intramuscular capillaries [double labelling; E: PDGFR beta (red}; F: CD3! (green)]. (G,
H) PDGFR beta was lightly expressed in regenerating fibres with remarkable desmin positivity, while vessels and interstitium
showed intense staining fdouble labelling; G: PDGFR beta (red); H: desmin (green)]. (I, J) PDGFR beta was co-localized with
CDé68B in some macrophages (yellow) in the Interstitium, Other mononuclear interstitial cells were also positively stalned [triple
labelling; I: merged PDGFR beta (red)/CD68 (green}; J: merged PDGFR beta (red)/Hoechst 33342 (blue)]. (K-M) PDGFR beta was
exclusively co-localized with activated fibroblasts in the endomysium (yellow) [double labelling; K: PDGFR beta (red); L: P-4-H

(green); M: merged PDGFR beta/P-4-H]

regenerating muscle fibres (Figure 6B). The cytoplasm
and internal nuclei of regenerating muscle fibres were
also lightly stained. In dy mouse muscle, PDGFR
alpha was moderately to intensely immunolocalized
in the endomysium and muscle fibre sarcolemma also
showed light to moderate staining. Cells distributed in
the endomysium and nuclei of regenerating fibres were
intensely immunostained (Figure 6C).

PDGFR beta immunostaining showed light posi-
tivity in the vessels and interstitium in B-10 mice
(Figure 6D), while in mdx mice, the cytoplasm of
regencrating muscle fibres and endomysium were
lightly stained (Figure 6E). In dy mice, the intersti-
tium and cells distributed in the endomysium were
intensely stained with PDGFR beta, as seen in human

Copyright © 2003 John Wiley & Sans, Ltd.

DMD and CMD muscles (Figure 6F). Regenerating
fibre cytoplasm was also lightly immunostained.

Discussion

Previous studies have shown that TGFS1 and bFGF
are involved in the pathophysiology of human muscu-
lar dystrophy, particularly in muscle fibrosis [6-8,22].
However, their distinct localization in dystrophic mus-
cles had not been studied in detail with double
immunolocalization. Moreover, receptors for these
growth factors had not been studied, except for
FGF receptor 4, which was expressed in one patient
with FSHD [22]. Our study has shown that PDGF

] Pathol 2003; 201: 149-159.
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Figure 5. Immunoblot analysis of PDGFR beta in extracts from
muscles from the normal control (lane 1), FCMD biopsied in
early infancy (lanes 2 and 3), and FCMD biopsied in an elderly
patient {Jane 4). A 180 kD band corresponding to PDGFR beta
protein is clearly present In the muscles of cases with early
FCMD, while the muscles of normal controls and cases with
advanced FCMD lacked a recognizable band for PDGFR beta

and its receptors are involved in the pathophysiol-
ogy of dystrophic muscles. Using double immuno-
histochemistry, we have shown that in dystrophic
muscles, PDGF is immunolocalized in infiltrating
macrophages, regenerating muscle fibres, and myofi-
bre nuclei, and that PDGFR is immunolocalized in
infiltrating macrophages, regenerating and necrotic
muscle fibres, interstitial fibroblasts, and muscle fibre
sarcolemma.

It is well known that fibrotic changes occur in the
muscle tissue of dy mice in the early stage of develop-
ment, while mdx mice show minimal fibrotic changes
throughout their life, despite their lack of dystrophin
[18]. There has been no reasonable explanation so far
why mdx mice have a very slight clinical alteration,
unlike DMD muscle. In the present study, PDGFR
alpha and beta were immunolocalized markedly in the

157

endomysium of dy mice, compared with mdx mice.
These results were comparable to the results for human
dystrophic muscles. The relative abundance of intersti-
tial PDGFR expression might contribute to the tissue
fibrosis seen in dy mice. '

The present study is the first report of signifi-
cant PDGFR beta and alpha overexpression in the
endomysium in human and mouse dystrophic mus-
cles, particularly in dy mouse muscle. The present
study is also the first to demonstrate that P-4-
H-positive activated fibroblasts in the endomysium
clearly express PDGFR alpha and beta. These find-
ings demonstrate that fibroblasts in the endomysium
of dystrophic muscles remain activated partly through
paracrine regulation by PDGF. Interestingly, PDGF
and its receptors are remarkably expressed in DMD
and CMD muscles biopsied at an early stage of
disease progression. However, immunoreactivity was
almost abolished in DMD and CMD muscles biopsied
from elderly patients with advanced fibrosis. This was
clearly confirmed by immunoblot analysis, as shown
in Figure 5. These findings suggest that PDGF and
its receptors are significantly involved in the active
stage of tissue destruction and are associated with the
initiation or promotion of muscle fibrosis. These pro-
cesses might occur in concert with other cytokines
and growth factors, since in vifro studies have shown
that (1) TGF$ increases PDGF-B mRNA transcrip-
tion in microvascular endothelial cells [23] and also
increases PDGFR beta transcription in human liver
fat-storing cells [24]; (2) TGFS up-regulates PDGFR
alpha expression in human scar fibroblasts and fibrob-
lasts from scleroderma patients [25]; (3) bFGF up-
regulates PDGFR alpha expression in smooth muscle
cells {26]; (4) PDGF-BB up-regulates PDGFR alpha
and beta expression in human foreskin fibroblasts [27];
and (5) tissue fibroblasts are activated and transformed

Figure . Immunolocalization of PDGFR alpha (A—~C) and beta {D~F) in muscles of B-10 (A, D), mdx (B, E), and dy (C, F) mice.
Immunoreactivities of the endomysium for both PDGFRs were prominent in dy mice compared with those of mdx mice. -

Copyright ® 2003 John Wiley & Sons, Ltd.
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to myofibroblasts by TGFS and PDGF [28]. In fibro-
sis, PDGF-BB and PDGFR alpha or beta contribute to
scleroderma formation and liver fibrosis, while PDGF-
AA and PDGER alpha contribute to pulmonary fibrosis
[29]. In dystrophic muscles, our study clearly shows
that fibrosis is controlled by both PDGFR alpha and
beta signalling.

Previous studies have shown that necrotic mus-
cle fibres release chemotactic factors to attract poly-
morphonuclear leukocytes and macrophages, while
macrophages release factors that induce a chemotac-
tic response in satellite cells [30-32]. Satellite cells
migrate to the necrotic area and begin to proliferate,
and muscle fibre regeneration is accomplished after the
fusion of those cells [30]. In all the dystrophic muscles
examined in this study, PDGF-A and PDGF-B were
strongly immunolocalized in the cytoplasm and nuclei
of regenerating muscle fibres and in macrophages infil-
trating into necrotic fibres. PDGFR alpha and beta
were also immunolocalized in regenerating muscle
fibre cytoplasm and macrophages. Previous in vitro
studies using mouse and porcine cultured myoblasts
demonstrated that the PDGF-BB/PDGFR beta sig-
nalling pathway is mainly involved in myoblast prolif-
eration [13,33]. However, our study shows that PDGE-
A and PDGF-B peptides and their beta and alpha
receptors are expressed equally in regenerating fibres.
This suggests that both chains have autocrine and
paracrine roles in muscle fibre regeneration or satellite
cell chemotaxis in dystrophic skeletal muscles.

PDGFR alpha was overexpressed in the non-
regenerating muscle fibre sarcolemma in DMD and
CMD, but faintly expressed in BMD. However, it
remains to be clarified whether PDGFR alpha has any
physiological function in non-regenerating dystrophic
muscle fibres. Utrophin, an autosomal homologue to
dystrophin, preferentially accumulates at the postsy-
naptic membrane in normal muscle fibres [34], but
is overcxpressed at the sarcolemma of DMD mus-
cle fibres [35]. Recent research revealed that the up-
regulation of utrophin functionally compensates for the
lack of dystrophin in mdx mice [36]. Since PDGFR
alpha also accumulates at the neuromuscular junc-
tion in normal muscle, it will be interesting to study
the functional relationship between PDGFR alpha and
dystrophin-related proteins.

The present study demonstrates that PDGF-A,
PDGF-B, PDGFR alpha, and PDGFR beta are all
immunolocalized at the neuromuscular junction, sug-
gesting that they have physiological roles in the inter-
action between the presynaptic and postsynaptic com-
ponents [21]. Similar roles have been reported for
other growth factors expressed at the neuromuscular
junction, such as bFGF, TGFS1 and TGES2 [37--39].

We have demonstrated that PDGF and its receptors
are related to muscle fibre regeneration and fibrosis,
and that they may be important for the progression of
muscular dystrophy. Recently, the ir vivo transfer of
the PDGFR beta extracellular domain effectively ame-
liorated bleomycin-induced pulmonary fibrosis [40].

Capyright © 2003 John Wiley & Sons, Ltd.

Y Zhao et al

Other PDGF antagonists have also been used to reduce
pathological changes induced by PDGF [41,42]. These
methods should also be tested in models of muscular
dystrophy.
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Metabolic Properties of Band Heterotopia Differ from Those of
Other Cortical Dysplasias: A Proton Magnetic Resonance
Spectroscopy Study
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Tohoku University Hospital, Sendai; and §Epilepsy Hospital Bethel, Iwanuma, Japan

Summary: Purpose: To assess the biochemical properties of
band heterotopia in comparison with other cortical develop-
mental malformations (CDMSs) by using proton magnetic reso-
nance spectroscopy (*H-MRS).

Methods: We performed localized single-voxel "H-MRS
studies on 13 patients [five band heterotopia (BH), two focal
cortical dysplasia (CD), two unilateral CD, one bilateral peri-
sylvian dysplasia, three hemimegalencephaly]. CDMs other
than BH were categorized as CD. Spectra were acquired from
volumes of interest (VOQIs) localized in the CD and in normal-
appearing cortex on the contralateral side. In BH patients, the
VOIs were the external cortex and the laminar heterotopia. For
the BH study, spectra also were obtained from the cortex of
age-matched normal volunteers.

Results: The spectra of CD lesions were characterized by

significantly lower ratios of N-acetyl aspartate to creatine
(NAA/Cr) and by higher choline to Cr (Cho/Cr) ratios than in
the contralateral remote cortex {(p = 0.01 and 0.01, respec-
tively). The NAA/Cr and Cho/Cr ratios of the external cortex of
BH were not significantly different from those of normal vol-
unteers. The NAA/Cr ratio of the laminar heterotopia was not
significantly different from that of the external cortex {(p =
0.12} or normal volunteers (p = 0.60), whereas Cho/Cr was
significantly higher in Jaminar heterotopias than in the external
cortex (p = 0.04) or controls {p = 0.03).

Conclusions; "H-MRS can distinguish between the meta-
bolic properties of BH and CD. Key Words: Cortical dys-
plasia—Band heterotopia—Proton magnetic resonance
Spectroscopy.

Cortical developmental malformations (CDMs) are
caused by disruption of neuronal proliferation, migra-
tion, or cortical organization (I1,2). They are clinically
important conditions, often accompanied by intractable
epilepsy and neurclogic developmental deficits (3,4).
Band heterotopia (BH) is a CDM that is caused by dis-
ruption of neuronal migration, and it is characterized by
extensive bilateral plates of heterotopic gray matter just
below the normotopic cortex (5). This subcortical het-
erotopia has unusual functional properties that are not
observed in other CDMs. Functional magnetic resonance
imaging studies have shown that subcortical heterctopia
is activated together with the related extemal cortex dur-
ing a motor task, suggesting that the heterotopia may be
involved in normal brain activity (6,7).
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Neuropathologic studies have demonstrated that cyto-
architectural derangement occurs in CDMs, The charac-
teristic abnormality in cortical dysplasia lesions is faulty
cell differentiation, which produces immature, abnormal
cells, such as giant neurons and bizarre glia cells, often
referred to as “balloon cells” (8,9). In contrast, the ab-
normalities in BH are mild. The heterotopic gray matter
consists of disarranged, but relatively well-differentiated,
pyramidal cells (5). These distinct functional and cyto-
architectural properties that distinguish BH from other
CDMs may correlate with different metabolic conditions.

Proton magnetic resonance spectroscopy ('H-MRS) is
& noninvasive way to evaluate metabolic conditions in
tissues in vivo (10). MRS signals in the brain change in
various pathologic conditions, such as metabolic dis-
eases, brain neoplasms, epileptic foci, and CDMs (11},
although BH has not been fully addressed. In this study,
we used localized single-voxel 'H-MRS to investigate
the metabolic profile of BH, and compared it with other
CDM:s.
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METHODS

We studied 13 patients (12 female and one male pa-
tients) with different types of CDM (Table 1). The pa-
tients’ ages ranged -from 1 to 34 years (average, 16
years). The objectives of this study were explained to the
families and to the patients when possible, and informed
consent was obtained.

The disorders were diagnosed from MR imaging
(MRI) findings, with reference to a previously proposed
MRI classification scheme (12). Because patients 3 and 4
were not strictly classified in the scheme, they were ten-
tatively diagnosed as having unilateral cortical dysplasia.
In both cases, the MRI showed hemispheric hypoplasia
with multiple abnormal rough shallow gyri. Recently,
Caraballo et al. (13) and Pascual-Castrovigjo et al. (14)
proved that unilateral polymicrogyria consisting of a hy-
poplastic hemisphere with diffuse abnormal gyri was
polymicrogyria by using three-dimensional MRIs and
histology. Patients 3 and 4 most likely belong to this
category, although further consideration is required. Fo-
cal cortical dysplasia {CD), unilateral CD, and bilateral
perisylvian dysplasia were categorized as CD and com-
pared with BH.

Proton (‘H)-MRS signals are highly age dependent,
especially in the first few years of life. Age-dependent
changes are prominent in signals of N-acetyl aspartate
and choline-containing compounds, whereas those of
creatine and phosphocreatine are relatively stable
throughout life (15). Therefore age-matched controls
might be required. Because our CD patient group con-
sisted of young children, the ethical problem of heavily
sedating healthy children prevented us from making an
age-matched control group. Therefore in this study, we
compared the MRS signal of the lesion with that of the
remote, putatively normal, contralateral cortex in the

same patient by using a paired nonparametric test. By
contrast, the BH patients were older, so normal healthy
volunteers could be used as age-matched controls for
BH. The control group consisted of five normal volun-
teers: three men and two women, with ages rangmg from
8 to 34 years (average, 21 years).

TH-MRS studies were performed at Tohoku Un1vers1ty
Hospital by using a 1.5-T MR unit that allows both im-
aging and spectroscopy (Magnetom Vision, Siemens).
After obtaining conventional images in the axial, coro-
nal, and sagittal planes, single-volume 'H spectra were
obtained from a 1.5 x 1.5 x 1.5-cm voxel within COM
lesions and from the contralateral remote cortex as a
control. Because of the laminar shape of the subcortical
heterotopia of BH, the shape of the voxel was modified
to 1.0 x 1.5 x 1.5 cm. Because peak intensity is propor-
tional to the concentration of the substance, the change in

" voxel shape did not alter the signal ratios (11). Instead,

the volume reduction might have reduced the signal-to-
noise ratio (11), although the peaks were very recogniz-
able in this modified voxel, as shown in Fig. 3. In the
age-matched control group for BH, spectra were ob-
tained from 1.5 x 1.5 x 1.5-cm voxels located in the
parietal or occipital cortex. The repetition (TR) and echo
(TE) times were 1,500 and 135 ms, respectively. After
global and local shimming, and optimization of the
water-suppression pulse, data were collected 128 times
for each voxel and averaged.

Intense signals in the spectra were noted at 2. 0 3.0
and 3.2 ppm. The signal at 2.0 ppm is thought to be
derived from N-acetyl-containing compounds, mainly
N-acetyl aspartate (NAA), whereas the signal at 3.2 ppm
is from choline-containing compounds {Cho), and that at
3.0 ppm is from creatine and phosphocreatine (Cr) (13).
Because the Cr signal is homogeneously distributed
throughout the brain and is relatively stable, even in dis-

TABLE 1. Clinical features of patients with cortical developmental malformations

Seizure
Sex Mental
Case (yr) Age Category MRI diagnosis Onset Type Frequency EEG findings retardation
1 F ; CD Focal CD (R;PL) lyr BTS Ofyr Focal sp (R;aT-mT) -
2 9 CcD Focal CD (bilateral;FL) Syr CP§ I/day  Diffuse HVS, focal sp (R;pF) +
3 M 9 CcD Unilateral CD (R) 4yr GTC 1iday  Focal sp (R;C) +
4 F 15 ch Unilateral CD (L} 2yr  GTC Iiday  Focal sp (L:F, O, R:imT) +
5 F 20 ch Bilateral perisylvian CD 6yr CPS l/day  Focal sp (Bilat;pT, F-aT) -
[ F i CcD Hemimegalencephaly (R) 1me SPS I/mo  Focal sp, sp-w (R;F, O) +
7 F 19 CcD Hemimegalencephaly (R) 18yr CPS 3/wk  Focal sp, sp-w (R:O) +
8 F 27 Cb Hemimegalencephaly (L} 2mo CPS, GTC, MC Siyr Focal sp, sp-w (L;F) +
9 F 9 BH Band heterotopia 8mo CPS S5/mo  Focal sp (L;pT-O, R;0) +
0 F 14 BH Band heterotopia 2yr Muliple (Lennox)® 3/day  Diffuse slow sp-w +
11 F 21 BH Band heterotopia 4yr  Astatic, CPS 5/day  Focal sp, sp-w (L:C) +
12 F 24 BH Band heterotopia 6yr SPS,CPS 3/day  Focal sp (LimT, pT, O) +
13 F 34 BH Band heterotopia 3mo Multiple (Lennox)®  >10/day  Diffuse slow sp-w +

CD, cortical dysplasia (see Methods); BH, band heterotopia; R, right; L, left; PL, parietal lobe; FL, frontal lobe; BTS, brief tonic spasm; CPS,
complex partial seizure; GTC, generalized tonic—clonic seizure; MS, myoclonic seizure; SPS, simple partial seizure; sp, spike; sp-w, spike and wave;

HVS, high-voltage slow wave,

2 Multiple seizure types include SPS, atypical absence, atonic, and tonic seizures.

Epilepsia, Vol. 44, No. 3, 2003
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TABLE 2. ‘H-MRS metabolite ratios
CO@=8 ' BH (n = 5)
Contralateral . Age-matched control
Lesion - remote comex Heterotopic layer External cortex {normal cortex}
NAA/Cr 1.46£0.37° 202 =046 165021 172022 . 184009
Cho/Cr 1.14 023 0.85+0.14 0.87+0.13 0.65+0.11 1 0.60+053

Values are presented as the average + standard deviation (SD).

CD, cortical dysplasia; BH, band heterotopia; NAA/Cr, N-acetyl aspartate to creatine; Cho/Cr, choline to creahmne

ease, it is often used as an internal standard (11,15).

Therefore, the peak amplitudes of these three signals -

were measured and analyzed in terms of the NAA/Cr and
Cho/Cr ratios.

The NAA/Cr and Cho/Cr ratios for CD lesions and for
the contralateral side are plotted in the figures, and the
summarized data are presented in Table 2 as the average
+ standard deviation. Statistical differences between the
CD lesions and the contralateral normal cortices were
assessed by using the Wilcoxon signed-rank test, a
paired nonparametric test. This test also was used to
compare the subcortical heterotopia with the external
cortex of the BH patients, Subsequently, the Mann~
Whitney U test was used to examine the difference be-
tween the external cortex or subcortical heterotopia and
the cortex of normal volunteers.

RESULTS

Figure 1 shows a representative spectrum from CD
(patient 3). Because NAA and Cho signals are age de-
pendent (15), the 'H-MRS signals of the lesion were
compared with those of the contralateral remote cortex in
the same patient, Compared with the contralateral remote
cortex (Fig. 1A), the NAA/Cr ratio was reduced in the
lesion, whereas the Cho/Cr ratio was increased (Fig. 1B).
The results for the eight patients with CD are plotted in
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Fig. 2. The NAA/Cr ratios in the CD lesions were sig-
nificantly lower than those in the contralateral remote
cortex (Wilcoxon signed-rank test, p = 0.012; Fig. 2A).
In contrast, the Cho/Cr ratios in the CD lesions were
significantly higher than in the contralateral remote cor-
tex (p = 0.012; Fig. 2B). The average NAA/Cr and
Cho/Cr ratios for the CD lesions are listed in Table 2,
Patients 1 and 6 were 1-year-old children {(shown by
open circles in Fig. 2). The NAA/Cr ratios for the con-

. .tralateral remote cortex (Fig. 2, Contra.) in these cases

were lower than those in the older CD patients, whereas
the Cho/Cr ratios were higher, which is in line with pre-
viously reported developmental changes in MRS signals
(15). In these patients, the NAA/Cr ratios also were re-
duced in the CD lesion, and the Cho/Cr ratios were in-
creased.

The NAA/Cr and Cho/Cr ratios of the external cortex
of BH patients were not significantly different from
those of the normal cortex of the age-matched controls
(Mann-Whitney U test, p = 0,12 and 0.60, respec-
tively). Figure 3 shows representative spectra from the
external cortex and the heterotopic layer of BH (patient
11). The NAA/Cr ratios of the heterotopic layer were not
significantly different from those of the external cortex
(Wilcoxon signed-rank test, p = 0.50) or the control
group cortex (Mann—Whitney U test, p = 0.12; Fig. 4A).
By contrast, the Cho/Cr ratios of the laminar heterotopia

FIG. 1. 'H-magnetic resonance
spectroscopy (MRS) spectrum
acquired from a 9-year-cld boy
with focal cortical dysplasia. The
localized volume of interest (VOI)
is outlined on the magnetic reso-
nance image (inset). Measure-
ments were made of the remote
normal cortex {A} and the dys-
plastic lesion (B). The reso-
nances of choline {Cho) at 3.2
ppm, creatine (Cre) at 3 ppm, and
N-acetyl aspartate (NAA) at 2
ppm were detected in bath cases
with diffarent signal-intensity ra-
tios.
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A 3.5

3
FIG. 2. The summarized *H-
magnestic resonance spectros-
copy (MRS) resulls for the cortical 25 F
dysplasia patients. A: N-acetyl as-
pariate {(NAA)/creatinine (Cr) ratio
in the dysplastic cortex (CD) and 2
In the contralateral remote cortex Q
as a control (Contra). The NAA/Cr s
ratio In CD was significantly lower
than that in Contra (p < 0.01). B: =4
Cho/Cr ratio in CD and in Contra.
The Cho/Cr ratio was significantly
elevated in CD {p < 0.05). Lines 1 ¥+
connect the data from the same
patient. Open circles are the plots
of 1-year-old patients (see text). 05

B

p=<005

15

Chol/Cr

0 L

Contra.

were significantly higher than those of the external cor-
tex (Wilcoxon signed-rank test, p = (.04) and the con-
trol group cortex (Mann—Whitney U test, p = 0.03; Fig.
4B). The average NAA/Cr and Cho/Cr ratios of the het-
erotopic layer, external cortex of BH, and control group
cortex are summarized in Table 2.

DISCUSSION

In this study, the NAA/Cr ratio was significantly de-
creased in the CD lesions, compared with the contralat-
eral remote cortex. This result agrees with previous MRS
reports concerning CD (16-18). CD lesions contain mor-
phologically abnormal neurons, whereas the density of

A

Cortax

FIG. 3. 'H-magnetic resonance
spectroscopy (MRS) spectrum
acquired from a 21.year-old
woman with band heterotopia.
The volume of interest (VOI; in-
set) for the heterotopic area was
medified because of its laminar
structure (1.0 x 1.5 x 1.5 ¢m),
Measurements of the extemnal
control cortex (A) and laminar het-
erotopia (B} were made.

Btk 40 L+ 38 1 0 g ¥ <2 =
L1LY

Crsreal 3iipn

i 0 i 1
CD Contra. CD

neurons and glia is normal (16). These neurons have
unusual electrophysiologic properties (2,19). Immunocy-
tochemically, there is a delay in the developmental
switch from the a; to o, subunits of -y-aminobutyric acid
A (GABA ,) receptors, and expression of the 2A (NR2A)
N-methyl-D-aspartate (NMDA) receptor subunits also is
delayed, suggesting functional immaturity of the neurons
{20}. These abnormalities in neuronal maturation may
underlie the reduced NAA signal in the CD lesion, rather
than neuronal lIoss or secondary gliosis.

Another significant finding in CD in our study was the
increased Cho/Cr ratio in the lesions. Cho is a constituent
of the phospholipid metabolism of cell membranes and
may reflect membrane turnover (11). The Cho signal

Heterotopia
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